We report on the synthesis of nanovoid-structured TiO2 material via a sol-gel route using titanium isopropoxide as precursor. The nanovoids are formed during the thermal treatment in air at 773 K. The surfaces of internal cavities are populated by the partial oxidation products of the organic part of the Ti precursor (CO 2, hydrogen carbonates, and residual isopropoxide groups). The thermal treatment in air at 773 K allows the maintainence, in the internal voids, of the encapsulated species. Addition of iodine in the synthesis procedure results in a new nanovoid-structured titanium oxide able to absorb light in the whole visible part of the electromagnetic spectrum. The origin of this absorption is attributed to the presence of (I 2)n adducts encapsulated in the nanocavities. These species coexist with partial combustion products of isopropoxide groups. Due to the protection of the TiO2 walls, the (I2)n adducts are not destroyed by thermal treatments in air. We have investigated whether the electron promoted in the excited state of the dye* molecule (upon absorption of visible light from the (I 2)n adducts) can be injected into either the TiO2 conduction band or some titanium-localized acceptor, followed by migration of the injected electron to the surface where it reduces adsorbed organic molecules. Preliminarily experiments conducted with sunlight show that the surface-specific efficiency of this process, tested by following the degradation of methylene blue, is about 10 times higher than that of the P25 commercial TiO 2 photocatalyst.
Introduction
Among all the various semiconductors used in photocatalysis, TiO 2 is essentially the best material for environmental purification because of its many desirable properties. [1] [2] [3] [4] [5] Furthermore, the surface properties of TiO 2 are well-known because this solid has been widely investigated by a variety of physicochemical methods. [6] [7] [8] [9] [10] [11] [12] [13] These facts, together with the cheap, readily available, nontoxic, photostable, and high oxidative power characteristics, make this solid ideal for characterization and photocatalytic studies. The initiation step of the photocatalytic process consists in the generation of electron-hole pairs upon irradiation of the material with a photon with energy at least equal to that of the band gap of the photocatalyst. The electronhole pairs formed can either recombine in the bulk or travel up to the surface, where they can participate in chemical reaction species adsorbed on the external titanol groups. In this regard, TiO 2 combines two important, and generally antithetic, characteristics needed to improve the efficiency of a photocatalyst: (i) high surface area, needed to increase the number of external sites where photocatalytic reactions may occur; (ii) high crystalline quality, guaranteeing a low density of crystal defects where electrons or holes can be trapped. The last point is important because it implies a long mean free path of the electron-hole pair that, in turns, increases probability of transporting the charge carriers from bulk, where they are generated, to the surface, where they are used in the photocatalytic processes.
The only drawback of TiO 2 is that its band gap lies in the near-UV of the electromagnetic spectrum: 3.2 eV (285 nm) and 3.0 eV (410 nm) for anatase and rutile, respectively. As a consequence, only UV light is able to create electron-hole pairs and to initiate photocatalytic processes. As UV light constitutes only 5% of the solar spectrum, 14 95% of the solar photons are useless for TiO 2 photocatalysts. It is therefore evident that any modification of the TiO 2 -based photocatalysts resulting in a lowering of its band gap or in the introduction of stable optical sensitizes will represent a breakthrough in the field. For this purpose so many scientific works have appeared during recent years that an exhaustive analysis of the different approaches is beyond of scope of this contribution and only a selection of cases will be summarized below. (i) One case is doping TiO 2 with various transitions metals such as Au, Ag, Pt, Cr, Nb, V, Mn, and Fe. 3, 6, [15] [16] [17] [18] These systems show an enhanced photoactivity in the visible with an efficiency depending highly on the preparation method. However, they are characterized by thermal instability and very critical is the control of the cluster dimension and distribution. 15 (ii) Another case is doping TiO 2 with nonmetals atoms such as N, 14,19,20 S, [21] [22] [23] [24] [25] [26] [27] [28] F, 29 C, 20, 30, 31 I, 32 Br, 33 and Cl. 33 Also in this case the photocatalytic activity depends on the content of nonmetal atoms and on the method of preparation. (iii) A third case is anchoring a dye-sensitizer molecule on the surface of the photocatalyst. 4 Various dyes (catechol, 10 porphyrins, 34 phthalocyanines, 35 etc.) have been employed as sensitizer, but most of them are toxic and easily undergo a self-degradation process that makes them unsuitable for durable applications in photocatalysis.
The photocatalytic activity of microporous titanosilicates ETS-10 and ETS-4 has also been recently investigated. 13, [36] [37] [38] [39] [40] [41] Unfortunately, the fact that Ti atoms are organized in one-dimensional linear chains of TiO 6 octahedra (-O-Ti-OTi-), behaving as semiconducting nanowires, [42] [43] [44] [45] [46] causes a blue shift of the band gap. To overcome this drawback, Klabunde and co-workers 47 have introduced transition metal ions in ETS-10 either by addition of corresponding salts during the synthesis (Cr and Co samples with Cr (or) Co/Ti ) 0.05) or by a postsynthesis ion-exchanged approach (Co and Ag).
The results of this study can be divided into three parts. In the first part we illustrate a new strategy to synthesize a titanium dioxide characterized by the presence of internal nanovoids. In the second part, we demonstrate that the walls of the internal cavities are populated by adsorbed molecular species derived form the partial combustion of isopropoxide groups. The formation mechanism of these species (which are stable to thermal treatments in air at 773 K, due to encapsulation) is discussed. In the third part we have evaluated the possibility to encapsulate, during the synthesis, a colored dye molecule such as iodine inside these nanocavities. The aim of this synthesis is to obtain a TiO 2 able to receive solar light for the presence of protected internal dye molecules and avoid in this way problems related to self-degradation and thermal instability.
To evaluate the crystalline phases and to control possible changes on the crystallinity and on the morphology before and after the iodine-doping treatments, X-ray powder diffraction (XRPD) and high-resolution transmission electron microscopy (HRTEM) have been applied. Raman and IR have been used to confirm the presence of nanovoids and to characterize the molecules present inside this cavities. UV-vis DRS allow us to evaluate the spectra of dye-sensitizer molecules present in the cavities. Finally to test the photoactivity of both the TiO 2 and the iodine-modified TiO 2 samples the degradation of methylene blue 26, 48 (with sunlight) analyzed with UV-vis spectroscopy in transmission mode has been investigated and compared with the standard P25 TiO 2 commercial photocatalyst.
Experimental Section
2.1. Sample Preparation. TiO2 powders were prepared by a solgel route using titanium isopropoxide (Ti(OC3H7)4), which is liquid at ambient conditions, as precursor. A typical procedure for the synthesis of nanovoid-structured TiO2 material (hereafter NVS-TiO2) starts with the hydrolysis at room temperature of 3 g of Ti(OC3H7)4 (purity 97% by Sigma-Aldrich) in air (30-40% humidity), hosted inside a beaker of 20 cm 2 , according to eq 1: During hydrolysis, the liquid is kept under continuous stirring. After 36 h the white powder obtained was dried at 373 K in an oven and then calcined in air at 773 K for 6 h. When a larger amount of precursor was used or when a beaker of lower air/liquid surface is employed, a longer hydrolysis time is needed before starting the calcination. The material obtained after calcination at 773 K is a white powder; vide infra the left inset in Figure 5 or in the Table of Contents figure.
Among all possible dyes able to absorb photons of the visible light, iodine has been chosen because its high solubility in the used Ti precursor allows a straightforward synthesis. I 2-doped nanovoidstructured TiO2 material (hereafter I2/NVS-TiO2) has been obtained by following the same procedure described for the NVS-TiO2 material, the only difference in the synthesis being represented by the starting liquid obtained by dissolving 0.1 g of iodine crystal in 3 g of the (Ti-(OC3H7)4) precursor. The surface area of the calcined materials resulted to be comprised in the 4.1-3.8 m 2 g -1 interval, independent of the presence of iodine dopant. These surface area are 1 order of magnitude lower than that of the Degussa P25 (60 m 2 g -1 ), frequently used for a standard TiO2 photocatalytic experiment and also adopted here for sake of comparison.
With respect to the standard sol-gel procedures for TiO2 preparation, 49 the main difference consists in the use of the Ti precursor as pure reagent, without diluting in alcohols. This peculiarity is important for the preparation of the I2-doped TiO2 material because it allows one to maximize the local joint density of Ti and I, a point that is crucial to maximize the amount of iodine encapsulated in the nanovoids of the TiO2 material.
Characterization Techniques.
The NVS-TiO2 and the I2/NVSTiO2 materials have been investigated by means of vibrational (IR and Raman) and optical (UV-vis in the DRS mode). XRD, TEM, and BET were used to characterize the structural morphology and texture. In particular FTIR spectra were collected, at 2 cm -1 resolution, in transmission mode on a Bruker IFS 66 FTIR spectrometer, equipped with an MCT detector. The samples, in the form of compressed selfsupporting wafers, have been hosted inside a cell allowing in situ sample activation (done at 773 K in vacuo) and gas dosage to be made at liquidnitrogen temperature. Raman spectra were recorded with a Renishaw micro-Raman system 1000 spectrometer equipped with a He-Cd laser emitting at λ ) 514 nm (19445 cm -1 ). The photons scattered by the sample were dispersed by a 2400 lines/mm grating monochromator and simultaneously collected on a CCD camera.
The optical properties of the samples (NVS-TiO2 and I2/NVS-TiO2) have been studied by UV-vis spectroscopy in the reflectance mode (DRS) with a Perkin-Elmer Lambda 19 spectrometer in the 50 000-4000 cm -1 range and reported using the Kubelka-Munk function. TEM images were obtained on a Jeol 2000 EX electron microscope equipped with a top entry stage. Adsorption measurements were performed with a Micromeritics ASAP 2010 sorption analyzer. Surface areas have been obtained by N2 adsorption at 77 K on all materials previously outgassed at 200°C in vacuo.
For photocatalytic reactions the irradiation was carried out, in a Pyrex flask, on a 50 mL aqueous solution of 1 × 10 -4 M methylene blue and 0.05 g of catalyst (NVS-TiO2, I2/NVS-TiO2, and P25), directly exposed to the sunlight. At the end of the irradiation time a small amount of solution (2 mL) was taken, diluted with the same amount of deionized water, centrifuged for removing traces of catalyst, and than analyzed with UV-vis spectroscopy in the transmission mode with a PerkinElmer Lambda 19 spectrometer. In this way the relative photodegradation ability of I2/NVS-TiO2 and P25 materials can be directly compared.
Results and Discussion
3.1. Nanovoid-Structured TiO 2 : Assignment of Entrapped Molecular Species. The XRPD pattern of NVS-TiO 2 material, see Figure S1 in the Supporting Information, is characterized by the typical reflections of both anatase and rutile phase; see red and blue lines, respectively. The anatase phase is the most abundant one. No reflection belonging to other phases has been observed. Also the Raman spectrum, see Figure S2 in the Supporting Information, exhibits the typical modes of both anatase and rutile phases. 12 While the XRPD and Raman studies result in the classical pattern and spectra expected for a mixture of the two most common crystalline TiO 2 phases, the IR study highlights the presence of vibrational modes not belonging to titanium oxides. The full line in Figure 1 reports the IR spectrum, collected at room temperature, of NVS-TiO 2 material previously activated under dynamical vacuo (residual pressure <10 -4 Torr; 1 Torr ) 133.3 Pa) at 773 K. For comparison, the IR spectrum of P25 catalyst, activated under the same conditions, is also reported as dotted line. The only vibrational features that could be ascribed to the TiO 2 phases observed in the IR spectrum of the NVS-TiO 2 material are the O-H modes of the surface Ti-OH groups. On P25 they appear as broad components with maxima at 3725 and at 3670 cm -1 , which frequencies reflect a different H-bond interaction with the surrounding. 7, 8, 40, 50 In this region, as commented below, the IR spectrum of NVS-TiO 2 , is dominated by two strong and well defined bands at 3705 and 3600 cm -1 , that are due to the combination modes of CO 2 molecules. As a consequence, the exact location of the surface Ti-OH groups cannot be assessed. Other important features can be described as follows. (i) The sharp peak at 3600 cm -1 should also contain contributions from OH species in hydrogen carbonates; 51 see Scheme 1. (ii) The complex multiplet in the 2975-2840 cm -1 range is due to methyl and/or ethyl groups. 52, 53 (iii) The huge absorption, saturating the spectrum at 2400-2270 cm -1 , is due to the asymmetric stretching of CO 2 . 54 (iv) The huge and complex set of bands in the 1600-1000 cm -1 area, covers the region where carbonate and hydrogen carbonates species are expected. 31, 51, 55 The presence of CO 2 molecules has been further confirmed by the Raman experiment reported in the inset of Figure 1 , where the typical mode of the symmetric stretching of CO 2 , 54 is split into components at 1383 and at 1280 cm -1 , due the Fermi resonance with the overtone of the OdCdO bending mode (at 667 cm -1 in the gas phase: 2δ ) 1334 cm -1 ). This fact well explains the strong doublet at 3705 and 3600 cm -1 observed in the IR spectra (Figure 1) as the combination of the ν asym (CO 2 ) + ν sym (CO 2 ). As for both IR and Raman features of CO 2 , the absence of the rotovibrational contour as well as the red shift with respect to the gas-phase implies that we are dealing with adsorbed species. The important amount of CO 2 present on the sample can be appreciated by looking to the nonsaturated, sharp band at 2276 cm -1 due to the fraction of 13 CO 2 naturally present in 12 CO 2 (∼1%).
On the basis of the known properties of the surface species located on the external surface or on the meso-and micropores, isopropoxide groups and ethyl and/or ethyl groups, as well as weakly adsorbed molecules, such as CO 2 , are expected to disappear after a sample pretreatment in air at 773 K. In particular the presence of adsorbed linear CO 2 (which is a weakly adsorbed species) even after thermal treatment at 773 K is definitely favoring the hypothesis that the TiO 2 prepared by following the procedure, illustrated before, is able to trap even highly volatile species. According to this evidence, we hypothesize that, during the calcinations process, nanovoids are formed inside the TiO 2 microcrystals, where the residues of the partial combustion of the organic part of the Ti precursor are trapped, as depicted in Scheme 1, and protected. For the time being, it is not possible to conclude about the mechanism of the partial combustion of the isopropoxide groups. During synthesis, the amount of molecular O 2 of the atmosphere that can be trapped inside the nanovoids is not able to justify the observed combustion products. The contribution of framework oxygen from TiO 2 is consequently hypothesized. Note that the presence of nanovoids inside the titania crystals prepared via the sol-gel method has been observed in the TEM investigation by Bersani et al. 49 Although no specific studies on this synthesis have been performed, we think that the formation of nanovoids could be explained in terms of the thermal aggregation of the pores present in the gel structure. Our TEM study confirms the possible presence of nanovoids (see Figure 2) . The TiO 2 crystals observed in such micrographs exhibit regions of significant contrast due to an important difference of material crossed by the beam. An important local decrease of the oxide phase crossed by the beam can be explained either in terms of external pores or by internal cavities or both. The IR and Raman investigations discussed above (Figure 1 ) and below (Figure 3 ) strongly suggest that the presence of nanovoids must be invoked. Of course this does not rule out the possible presence of external porosity, which has been evidenced by the small differences in the N 2 adsorption and desorption isotherms reported in Figure S4 of the Supporting Information. Note that the presence of external pores is probably the consequence of an incomplete incapsulation process.
A further confirmation of the fact that NVS-TiO 2 is a nanovoid-structured TiO 2 material comes from IR experiment 
(I2)n Encapsulation Inside TiO2
A R T I C L E S reported in Figure 3 , where the CO molecule has been used to probe the accessible surface species at liquid-nitrogen temperature. 52, 56 From part a, reporting the whole Mid-IR region, it is evident that CO probe is unable to significantly perturb the IR manifestations of the surface species mentioned so far. More quantitative conclusions can be obtained by inspection of parts b and c of the same figure, reporting a zoom in the regions of O-H/CO 2 combination modes and C-O/CdO stretching modes, respectively. Only the minor fraction of the component at 3705 cm -1 , due to surface titanols, is eroded and red-shifted around 3670 cm -1 , due to the formation of Ti-OH‚‚‚CO complexes (Figure 3b ). The unperturbed fraction of the band at 3705 cm -1 is consequently ascribed to titanol species and CO 2 molecules hosted at the internal surfaces of the nanovoids that cannot be reached by CO probe. As the sharp component at 3600 cm -1 is mainly unaffected by CO dosage, it is due to the superimposition of the combination modes of CO 2 molecules with modes of molecular complexes grafted on the internal surfaces, such as hydrogen carbonate species (HO-CO 2 -); 51 see Scheme 1. Coming to the C-O/CdO stretching region, Figure 3c , the only significant difference observed upon CO adsorption at liquid nitrogen temperature is the appearance of the sharp band at 2178 cm -1 due to the C-O stretching of Ti 4+ ‚‚‚CO complexes formed on the Lewis centers at the external surfaces. 7,50 The small differences observed in the huge absorption in the 2400-2270 cm -1 interval (due to CO 2 molecules adsorbed on the internal surfaces) are due to the decrease of temperature (about 20-30 K) reached upon dosing CO in the IR cell. A better heat transfer between the cold point and the sample is achieved by passing from vacuum to CO atmosphere.
(I 2 )
n -Doped Nanovoid-Structured TiO 2 . From the TEM, IR, and Raman investigations reported in the previous section, we could hypothesize that NVS-TiO 2 is a nanovoid-structured TiO 2 material and that molecular species can be trapped and protected inside them. Furthermore, the Ti-OR species confer to the internal surfaces a reducing character. This facts suggest the possibility to modify the sample synthesis with the aim of including some dye molecule inside the crystal nanovoids, 4 in order to obtain a TiO 2 -based material able to absorb light in the visible region of the electromagnetic spectrum. In this study, iodine has been chosen as the dye. The advantages of this choice are 3-fold: (i) The high solubility in the titanium isopropoxide used as precursor allows a straightforward synthesis. (ii) The boiling point (around 184°C) guarantees an easy elimination of the fraction of iodine non encapsulated inside the nanovoids. (iii) The reducing character of the environment afforded by the Ti-OR groups in the nanovoids is preventing further oxidation of iodine during the thermal treatments.
Iodine insertion in the synthesis batch does not modify the morphology of the TiO 2 crystals, as suggested by the TEM investigation reported in Figure 4 , compared with Figure 2 . TEM micrographs of the crystals of the I 2 /NVS-TiO 2 material exhibits areas of higher electron transparency, having linear dimensions in the 5-10 nm range. As already discussed above for the NVSTiO 2 case, both external pores and internal nanovoids can be hypothesized. The presence of the former has been evidenced by 77 K N 2 adsorption/desorption experiments (see Figure S4 in the Supporting Information), while the presence of the latter is needed to explain the vibrational results reported in Figures  1 and 3. XRPD study, see Figure S3 of the Supporting Information, indicates that the main differences between NVS-TiO 2 and I 2 / NVS-TiO 2 materials consist of a small modification of the anatase/rutile ratio, slightly higher in the doped sample.
Insertion of iodine successfully causes the red shift of the material absorption, which is a red/brown powder, while the parent NVS-TiO 2 is a white one; compare the right and the left insets in Figure 5 . The quantification of this phenomenon is given in the main part of Figure 5 , reporting the UV-vis spectra of both NVS-TiO 2 and I 2 /NVS-TiO 2 materials; see blue and brown curves, respectively. A broad absorption band appears in the interval between 25 000 cm -1 (400 nm) and 15 000 cm -1 (667 nm), i.e., covering the whole visible range, is clearly present in the spectrum of I 2 /NVS-TiO 2 reported in Figure 5 . This band is centered around 20 000 cm -1 (500 nm). This is the spectral range where iodine absorbs. 57, 58 The Raman spectra of NVS-TiO 2 and I 2 /NVS-TiO 2 materials (full and dotted curves in Figure 6 ) are dominated by the strong bands due to both anatase and rutile phases; see also Figure S2 of the Supporting information. The only significant difference between the two spectra (see inset) consists in the band at 179 cm -1 and in a shoulder around 215 cm -1 , both appreciable on the right and left side of the anatase mode at 196 cm -1 , respectively. Bulk iodine exhibits the A g (strong) and the B 3g (medium) modes at 180 and 188 cm -1 , respectively. 59 See also the gray spectrum reported in the inset of Figure 6 . The I-I stretching of the I 2 molecule in the gas phase occurs at 213 cm -1 . 58, 60 Note that, in the Raman spectrum of bulk iodine (gray spectrum reported in the inset), the band at 215 cm -1 , gaining in intensity with increasing laser power, is due to I 2 molecules sublimating from the solid as a consequence of the heating power of the light source. Consequently we conclude that iodine is present in our sample mainly as (I 2 ) n adducts encapsulated in the TiO 2 nanocavities (mode at 179 cm -1 ). A minor fraction of I 2 molecules in the gas phase is also present under the Raman experimental conditions (shoulder at 215 cm -1 ). It is not possible to discriminate whether I 2 molecules are present inside the TiO 2 nanovoids in the absence of the laser source or not.
3.3. Effect of Iodine-Loading on the Photocatalytic Activity: Preliminary Results. The data reported in section 3.2 show that I 2 /NVS-TiO 2 is a nanovoid-structured TiO 2 material able to absorb light in the whole visible interval of the electromagnetic spectrum and that the origin of this absorption is the presence of (I 2 ) n adducts encapsulated in the nanocavities. Now, the crucial point is to evaluate whether the energy trapped by the (I 2 ) n adducts upon visible light absorption can be transferred to the TiO 2 bulk to create an electron-hole pair, first, and then to the external surface of the oxide particles where photocatalysis can take place.
The photocatalytic ability of I 2 /NVS-TiO 2 and NVS-TiO 2 materials has been tested in the degradation of methylene blue. Aqueous solutions of methylene blue have been contacted with I 2 /NVS-TiO 2 , with NVS-TiO 2 , and with P25 photocatalysts, while a fourth flask has been prepared without catalyst as a blank sample to take into account the self-degradation of the molecule under visible light. The four flasks have been simultaneously exposed to the direct sunlight for 2 days, corresponding to about 24 h of overall illumination. Figure 7 reports the UV-vis spectra of the four specimens after the irradiation process. In all cases the electronic transitions of the methylene blue molecule at 664 nm (15 000 cm -1 ) and 612 nm (16 340 cm -1 ) are clearly visible. 48 Note that an analogous experiment performed for 2 days in the dark by contacting an aqueous solution methylene blue with both I 2 /NVS-TiO 2 and NVS-TiO 2 materials resulted in an almost unappreciable degradation.
The positive role of both I 2 /NVS-TiO 2 and P25 materials in the photodegradation is evident. Also the NVS-TiO 2 material is active in the photodegradation of methylene blue, but with a much lower efficiency, due to the significantly lower surface area. The degradation efficiency of I 2 /NVS-TiO 2 and P25 photocatalysts is comparable as the bands of the electronic modes of methylene blue are reduced in absorbance units by a factor of about 3 in both cases. The huge difference in the surface area of the two materials (3.85 vs and 60 m 2 g -1 for I 2 /NVS-TiO 2 and P25, respectively) implies that there is more than 1 order of magnitude of difference in the number of surface titanol groups where the photocatalytic degradation of methylene blue can occur. The combination of these two observations implies that the surface-specific efficiency in converting solar photons into electron-holes pairs, able to reach the external (I2)n Encapsulation Inside TiO2titanols, is about 1 order of magnitude greater in I 2 /NVS-TiO 2 material then in the standard P25 photocatalyst.
The activity of both NVS-TiO 2 and P25 photocatalysts is due to the small fraction of sun light in the UV region (about 5%), able to generate an electron-hole pair in TiO 2 . 1,6, 40 The important enhancement of the activity of I 2 /NVS-TiO 2 photocatalyst, with respect to that of NVS-TiO 2 , is associated with the presence of (I 2 ) n dyes encapsulated and protected inside the nanovoids. According to the literature, 6,10,11,35,40,61-63 the dye (I 2 ) n absorbing a visible photon is promoted into an excited electronic state (I 2 ) n *, from which an electron can be transferred into the conduction band of the semiconductor (TiO 2 ) according to eqs 2 and 3:
Once the electron reaches the TiO 2 conduction band, it is able to move until attaining the external surface, where the photodegradation process can occur according to the standard mechanism. The efficiency of reaction 2 is high, as we have used a dye able to absorb visible photons, while the efficiency of the reaction 3 depends upon the quantum yield of the dye/ semiconductor redox process. 6, 35 Transferring the model of band alignment, well established in the field of solid-state physics applied to semiconductor heterostructures, [64] [65] [66] [67] [68] [69] [70] to the field of photocatalysis, Usseglio et al. 40 have recently suggested that the quantum yield of reaction 3 is high when there is a good match between the energy position of the dye* level and the bottom of the semiconductor conduction band; see the scheme reported in Figure 10 of that work. Note that this mechanisms is the working principle of the Grätzel-type or dye-sensitized cells. 6, [71] [72] [73] [74] [75] [76] [77] The results reported in Figure 7 imply that the energy level of the excited electron in the (I 2 ) n * molecule should be very close, or slightly above the bottom of the TiO 2 conduction band, thus guaranteeing a good quantum efficiency of reaction 3.
Conclusions
Combined IR, Raman, and TEM study indicates that the reported synthesis of titanium oxide via a sol-gel route using titanium isopropoxide as precursor results in a nanovoidstructured TiO 2 material. XRPD and Raman indicate the presence of both anatase and rutile phases. IR and Raman show that the surfaces of internal cavities are populated by the partial oxidation products (hydrogen carbonates, adsorbed carbon dioxide, and residual OR groups) of the organic part of the precursor that are not perturbed by the dosage of probe molecules. Such internal surface species are protected as they are encapsulated during thermal treatments at 773 K.
Addition of iodine in the synthesis procedure results in a new nanovoid-structured titanium oxide with the same morphology but able to absorb light in the whole visible interval of the electromagnetic spectrum. UV-vis and Raman spectra prove that the origin of this absorption is the presence of (I 2 ) n adducts encapsulated in the nanocavities. The photoactivity of I 2 /NVSTiO 2 in the photodegradation of methylene blue using sunlight is comparable to that of the P25 commercial TiO 2 photocatalyst. The activity of I 2 /NVS-TiO 2 implies an electron injection from dye* to either the TiO 2 conduction band or some titaniumlocalized acceptor, followed by migration of the injected electron to the surface where it reduces the adsorbed organic molecules. Considering that the surface area of I 2 /NVS-TiO 2 is smaller than that of P25 by 1 order of magnitude, we concluded that when sunlight is used, the surface specific efficiency of this process is about 10 times higher than that of the P25. This result encourages the synthesis of new iodine-doped nanovoidstructured TiO 2 material characterized by an higher surface area.
